Field-free orientation of CO molecules by femtosecond two-color laser fields 
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We report the first experimental observation of non-adiabatic field-free orientation of a heteronu- 
clear diatomic molecule (CO) induced by an intense two-color (800 and 400 nm) femtosecond laser 
field. We monitor orientation by measuring fragment ion angular distributions after Coulomb ex- 
plosion with an 800 nm pulse. The orientation of the molecules is controlled by the relative phase of 
the two-color field. The results are compared to quantum mechanical rigid rotor calculations. The 
demonstrated method can be applied to study molecular frame dynamics under field-free conditions 
in conjunction with a variety of spectroscopy methods, such as high-harmonic generation, electron 
diffraction and molecular frame photoelectron emission. 

PACS numbers: 



Aligned molecules have attracted widespread interest 
for applications such as ultrafast dynamic imaging 11], 
molecular tomography 0], and electron diffraction [3]. 
Molecules have been successfully aligned in one and even 
three dimensions using strong linearly polarized laser 
fields Aligned, but unoriented, gas samples of het- 
eronuclear diatomic molecules, however, suffer from an 
averaging effect over the two opposite molecular orien- 
tations. To overcome this limitation, it is necessary to 
develop methods for their orientation. While the orien- 
tation of polar molecules is possible in strong DC fields 
(see e.g. [5|V or by the combination of a laser field and a 
DC field [y, [D, Isll , the presence of a strong field may influ- 
ence the outcome of experiments on oriented molecular 
targets. It is thus of particular interest to study and im- 
plement methods for field-free orientation and its control. 
In this letter, we report on the non-adiabatic field-free 
orientation of a heteronuclear diatomic molecule (CO) 
using a two-color laser field. The control of molecular 
alignment can be achieved both adiabatically [9] and non- 
adiabatically [10]. Non-adiabatic alignment can be used 
to produce aligned samples of molecules under field-free 
conditions and, hence, is desirable for some applications. 
In laser-induced orientation, in addition, a head versus 
tail order of the molecules is established. Only recently, 
two groups have demonstrated laser-field-free transient 
molecular orientation 11, 12]. Sakai and coworkers have 
used a combination of a DC electric field and a laser 
pulse with adiabatic turn-on and non-adiabatic turn-off 
(switched laser field) to induce dynamic orientation in 
OCS molecules, which revives at full rotational periods 
fill ] . Vrakking and coworkers used a hexapole state- 
selector to produce NO molecules in a single quantum 
state and a combination of a DC field and an intense 
femtosecond laser field to induce orientation [l2[ of their 
samples. Although in both of these cases laser-field-free 
oriented molecules were obtained at full rotational re- 
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Figure 1: Schematic of the experimental setup used to induce 
and monitor field-free molecular orientation. A,B and C in- 
dicate channels for the formation of C 2+ ions as described in 
the text. 



vivals, the presence of a DC field was crucial to achieving 
orientation and might limit the application of these tech- 
niques in e.g. the imaging of low-energy photoelectrons 
from oriented molecules. Another "all-optical" route to 
field-free orientation without the necessivity of a DC field 
was suggested by Kanai and Sakai [13] and has been fur- 
ther ex plo red theoretically, most recently by Tehini and 
Sugny [lj] and by Sakai and coworkers [15j]. The ap- 
proach is based on the nonadiabatic excitation of both 
odd and even angular momentum states with a femtosec- 
ond two-color laser field, enabling net macroscopic orien- 
tation [16j]. So far, the technique has not been experi- 
mentally studied. 

In this letter, we describe experiments where an intense 
two-color laser field 

E(t) = E u (t) cos(ut) + E 2uj {t) cos(2ujt + cp) (1) 
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with wavelengths 800 and 400 nm corresponding to u 
and 2uj and the phase ip was used to control the field-free 
orientation of carbon monoxide. The degree of orien- 
tation was probed by Coulomb explosion imaging. The 
setup is displayed in Fig. HJ Pulses with 45 fs duration 
at 800 nm produced from a Ti:Sapphire laser were split 
into a pump and a probe arm of a Mach-Zehnder inter- 
ferometer. In the pump arm, the second harmonic of 
800 nm was created using a 250 fim thick Beta Barium 
Borate (BBO) crystal. To ensure temporal overlap of the 
two colors, two calcite plates of thickness 600 /im were 
used. Together both the calcite crystals compensate the 
group delay between the two colors caused by the BBO 
crystal while the second calcite plate also serves to adjust 
the relative phase (p between the two colors of the exci- 
tation field. The phase was calibrated by comparison of 
above-threshold ionization data from Xe to quantitative 
rescattering theory calculations [T3] - A dual A/2 plate 
(which rotates the fundamental and the second-harmonic 
fields by 90° and 180°, respectively) was used to rotate 
the polarization of all fields to be vertical in the exper- 
iment. An iris placed in the pump arm gives control 
over the intensity of the excitation field. The resulting 
field-asymmetric two-color excitation pulses (schemati- 
cally shown for (p=0 in the inset of Fig. [T]) were focused 
onto a supersonic jet of CO molecules (T rot ~ 60 K) in- 
side a velocity-map imaging spectrometer (VMIS) by a 
spherical mirror (f = 75 mm) placed at the rear side of 
the VMIS. The CO molecules were Coulomb exploded 
at a varying time delay by a single-color (800 nm) laser 
pulse from the probe arm and the resulting fragment ions 
were projected by ion optics of the VMIS onto a MCP- 
phosphor screen assembly. Images were recorded with a 
CCD camera. Note that a DC field on the ion optics 
orthogonal to the laser polarization direction was used 
to image the fragment ions, however, this DC field does 
not take any role in the orientation of the molecules and 
could even be made zero for e.g. the imaging of electrons 
from oriented molecules by zero-field time-of-flight spec- 
troscopy. 

A typical image of C 2+ ions from the Coulomb explosion 
of CO recorded in our experiment is shown in Fig. [H 
The image shows three main contributions peaked along 
the vertical laser polarization axis, which we attribute to 
different channels for the production of C 2+ ions, where 
in addition to C 2+ a neutral (A), singly charged (B) and 
doubly charged (C) oxygen is formed. The energy and 
angular distributions of the fragments can be directly 
derived from the im age after inversion using an iterative 
inversion procedure (lSj. The angle 6 is defined as the 
angle between the momentum of C 2+ ions and the laser 
polarization direction. For Coulomb explosion channels 
(B and C in Fig. [T]), we assume the fragmentation oc- 
curs along the molecular axis (axial recoil approxima- 
tion) . Within this approximation 6 reflects the angle be- 
tween the molecular axis and the laser polarization as 
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Figure 2: Evolution of the (A) alignment parameter 
<cos 2 #ex P > and (B) orientation parameter <cos # e x P > with 
pump probe delay time for two opposite phases ip of the two- 
color pump. 



depicted in the inset of Fig. [TJ Fig. EJA shows a trace 
of the experimental parameter <cos 2 # ex p> versus the 
two-color pump - Coulomb explosion probe delay time 
for (p=0. The parameter <cos 2 # e x P > was obtained by 
integration over the Coulomb explosion channel B in Fig. 
[U corresponding to a kinetic energy range of 10 to 16 eV 
and reflects the alignment of the molecules. The data 
was taken for peak intensities of 1.3-10 14 W/cm 2 for both 
the 800 and 400 nm pump pulses and 2.4-10 14 W/cm 2 
for the 800 nm probe pulse. No significant dependence 
of the alignment parameter on the phase cp between the 
two colors of the pump pulse was found. The alignment 
parameter <cos 2 6 > ex p> peaks at To = 0.125 ps and shows 
the first two full revivals at T = To + n ■ T rot = 8.7 and 
17.3 ps for n = 1, 2 in good agreement with the expected 
rotation time T rot = l/(2B c) of 8.64 ps (with B = 1.93 
cm -1 ) 1 1911 for CO and also in good agreement with earlier 
studies [SO] • The alignment curve also shows half-revivals 
at 4.3 and 12.9 ps. Before interaction with the pump, i.e. 
at negative delay times, we already find a high value of 
<cos 2 # ex p> of 0.83 (an isotropic angular distribution 
corresponds to a value of 0.33), which we attribute to 
the additional alignment caused by the linearly polarized 
probe pulse [2lj|. The alignment by the probe, however, 
cannot affect an existing up-down asymmetry in the ion 
image and therefore does not influence the results of the 
current studies on molecular orientation. In addition to 
the non-adiabatic alignment of CO seen in Fig. [2JA., we 
investigated the non-adiabatic orientation with the two- 
color laser field and the possible control of the orientation 
direction by the phase (p. Along these lines, we performed 
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Figure 3: (A) Kinetic energy spectrum of C 2+ ions obtained 
by full angular integration for ip = at the first full revival 
(8.7 ps) of the alignment and (B) map of <cos # e x P > at this 
delay as a function of the C 2+ kinetic energy and the phase 
ip of the two-color laser field. 



a pump - probe experiment at a fixed delay between the 
two pulses corresponding to the first full revival of the 
alignment (at 8.7 ps) and recorded <cos # exp > param- 
eter as a function of the kinetic energy of the resulting 
C 2+ fragments and the phase ip. 

Fig. 09A shows the relevant part of the kinetic energy 
spectrum of recorded C 2+ ions (obtained by full angu- 
lar integration) for the Coulomb explosion channels B 
and C. Within the axial recoil approximation the direc- 
tional emission of these fragments may be used to obtain 
information on the orientation. Fig. [3|3 displays the ori- 
entation parameter <cos # exp > versus the kinetic energy 
of the C 2+ fragments and the phase ip, where non-zero 
values of <cos # ex p> indicate a net macroscopic orienta- 
tion of the molecular ensemble. An oscillatory behavior 
of <cos #ex P > with (p is seen throughout the displayed 
kinetic energy spectrum and <cos # exp > changes its sign 
at every tt phase shift between the two colors. 
The orientation is effectively controlled by the phase of 
the two-color laser field. At (p=0, <cos # ex p> is negative, 
meaning the C 2+ ions are emitted preferentially down- 
wards, while at cp=ir, <cos # exp > is positive and more 
C 2+ ions are emitted upwards. Note that we recorded 
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similar data for 2+ fragments, which show <cos 0, 
shifted in <p by tt relative to the C 2+ data. This is con- 
sistent with the charged C and O fragments of the same 
molecule being emitted in opposite directions within the 
axial recoil approximation. At phases of (p=0 and (/?=7r, 
where <cos # exp > peaks in Fig. [3|3, we have recorded 
the full time dependence of the orientation parameter. 
The resulting two curves are shown in Fig. [2j3. No sign 
of orientation is found at the half revivals of <cos 2 # exp > 
(seen in Fig. EJA). Non-adiabatic field-free orientation 
manifests itself in Fig. [2j3 in the revivals of <cos # exp > 
at full rotational periods of CO. In our experiments, we 
studied the dependence of the degree of orientation on 
the pump pulse peak intensity and found that orienta- 
tion decreases rapidly for lower pump intensities. 
Our theoretical treatment of the alignment and orienta- 
tion of CO assumed a quantum mechanical rigid rotor 



model. In the time-dependent Schrodinger equation for 
the system, 

;jU(M) = [n + E(t)v d (0)+E 2 (t)v pol (0) 

+E 3 (t)V hyp (0)]*(0,t) 

the interaction with the two-color laser field (E(t)) took 
into account the permanent dipole moment (V^), dipole 
polarizability (Vp i), and hyperpolarizability (Vh yp ) con- 
tributions as described in Ref. [l3[ with the parame- 
ters taken from [22] and [13|. The field-free Hamilto- 
nian Ho and wave function Sfr(0,t) satisfy the relation 
H ^ = [B J(J + 1) - D e J 2 (J + l) 2 ]^, with J being 
the orbital angular momentum quantum number and 
D e = 2.79 x 10 -10 a.u. being the centrifugal distortion 
constant. We expanded Sfr(0,t) on spherical harmonics 
and solved the resulting coupled differential equations in 
time using a Crank-Nicolson propagation scheme. To 
achieve convergence of the alignment and orientation pa- 
rameters, we used angular momenta up to J=100 and 
a time step of 0.2 a.u.. In order to compare with the 
experiment, the results were thermally averaged over an 
initial Boltzmann distribution assuming a temperature 
of 60 K. We used Gaussian pulses of 45 fs FWHM and a 
smaller intensity (7-10 13 W/cm 2 ) than in the experiment 
to approximately account for volume effects. 
Figure SJA and [4j3 show the calculated time evolutions 
of the alignment and orientation parameters with re- 
spect to the pump probe delay, respectively. The re- 
vival times for <cos 2 6> and <cos 0> agree well with 
the experimental data. The values of the alignment pa- 
rameter are significantly lower than in the experimental 
data, which we attributed earlier to the alignment by the 
multi-photon probe in the experiment. The modulation 
of the <cos 2 6> amplitude at the half and full revivals 
is significantly higher than in the experiment. However, 
we found that this amplitude depends critically on the 
values of the dipole moment and the polarizability, the 
latter of which is not well known. The theoretical predic- 
tion for the orientation trace is in reasonable agreement 
with the experimental data. The sign of the orientation is 
reversed by a change in the phase ip of the two-color laser 
field as also observed in the experiment. Our calculations 
show that the permanent dipole of CO contributes very 
little to the orientation of the molecule as has been indi- 
cated in Ref. [14], partly because the dipole moment is 
very small and partly because the dipole interaction av- 
eraged over the fast oscillations of the field vanishes in a 
many-cycle pulse. It is thus the hyperpolarizability that 
is responsible for the orientation of CO [14]. Within this 
model, a phase shift observed in the experiment between 
the preferential emission of carbon ions in ionization and 
orientation is in agreement with a positive sign of the 



hyperpolarizability. Following the statement in Ref. [22| 
that the hyperpolarizability and the dipole moment of 
CO exhibit the same sign, our results are in agreement 
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with the dipole of CO being C"-0 + [H]. 
We have also studied the directional emission of C 2+ ions 
in the ionization of CO by the two-color laser field. The 
recorded C 2+ ions are found to be preferentially emitted 
in the direction of the electric field vector at a phase of 
cp=0. This finding is consistent with calculations of the 
ionization of CO [53, (Hj. The intensity used for the ex- 
perimental data shown here is, in fact, above the ioniza- 
tion threshold of CO. Note that we do, however, also ob- 
serve field-free orientation for lower intensities below the 
ionization threshold of CO. Significant ionization might 
lead to depletion of CO molecules in the direction of the 
electric field vector of the excitation field, corresponding 
to negative <cos # e x P > values at (p=0. We do expect ori- 
entation created by ionization depletion to peak at the 
time of temporal overlap (defined as time zero in the ex- 
perimental traces) between the two-color excitation field 
and the probe. The experimental data clearly shows a 
temporal shift of 0.125 ps between the temporal overlap 
of the pump and probe pulses (time zero) and the first 
peak of the orientation. On this basis we conclude that 
orientation by ionization depletion is at most minor. 
In summary, we have reported on non-adiabatic field-free 
orientation of a heteronuclear molecule (CO) induced by 
a strong two-color femtosecond laser field. Rotational 
revivals of the orientation are found after each full rota- 
tional period. At the revivals, an oriented ensemble of 
heteronuclear molecules in the absence of any external 
electric field is produced. The approach demonstrated 
here is applicable for a variety of heteronuclear molecules. 
These field-free oriented molecules can be used to study 
angle-differential properties of heteronuclear molecules, 
such as various ionization and scattering cross-sections 
and may also enable applications such as high-harmonic 
generation and electron diffraction studies from oriented 
molecules. Theoretical calculations indicate that the hy- 
perpolarizability is responsible for the orientation of CO. 
Although the degree of orientation found in the present 
work on CO is rather small, higher degrees of orientation 
are expected for other systems at similar laser parame- 
ters [14j|. A subject for further investigations is to apply 
shaped laser fields or tailored excitation pulse sequences 
in order to increase the degree of orientation by two-color 
laser fields. 
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